Pathogenic variation in MAPT, GRN, and C9ORF72 accounts for at most only half of frontotemporal lobar degeneration (FTLD) cases with a family history of neurological disease. This suggests additional variants and genes that remain to be identified as risk factors for FTLD. We conducted a case-control genetic association study comparing pathologically diagnosed FTLD patients (n = 94) to cognitively normal older adults (n = 3541), and found suggestive evidence that gene-wide aggregate rare variant burden in MFSD8 is associated with FTLD risk. Because homozygous mutations in MFSD8 cause neuronal ceroid lipofuscinosis (NCL), similar to homozygous mutations in GRN, we assessed rare variants in MFSD8 for relevance to FTLD through experimental follow-up studies. Using post-mortem tissue from middle frontal gyrus of patients with FTLD and controls, we identified increased MFSD8 protein levels in MFSD8 rare variant carriers relative to non-variant carrier patients with sporadic FTLD and healthy controls. We also observed an increase in lysosomal and autophagy-related proteins in MFSD8 rare variant carrier and sporadic FTLD patients relative to controls. Immunohistochemical analysis revealed that MFSD8 was expressed in neurons and astrocytes across subjects, without clear evidence of abnormal localization in patients. Finally, in vitro studies identified marked disruption of lysosomal function in cells from MFSD8 rare variant carriers, and identified one rare variant that significantly increased the cell surface levels of MFSD8. Considering the growing evidence for altered autophagy in the pathogenesis of neurodegenerative disorders, our findings support a role of NCL genes in FTLD risk and suggest that MFSD8-associated lysosomal dysfunction may contribute to FTLD pathology.
Introduction
Frontotemporal lobar degeneration (FTLD) accounts for 5-10% of all dementia cases and is a leading cause of presenile dementias [45, 50] . Pathologically diagnosed FTLD is defined by neurodegeneration in the frontal and temporal lobes, leading to heterogeneous clinical symptomatology classified as frontotemporal dementia (FTD) [77, 49] . This pattern of degeneration slowly alters complex traits that make us most human, including behavior and language. Changes in personality and behavior are a hallmark of behavioral variant FTD (bvFTD) patients [57] , while the nonfluent variant primary progressive aphasia (nfvPPA) and semantic variant PPA (svPPA) syndromes are characterized by impaired speech and language expression and comprehension [16] .
Approximately, 40% of all FTLD patients have a family member with a neurological or psychiatric disorder, and an estimated 10-20% of cases are caused by a single inherited pathogenic variant [58, 61] . The majority of genetic FTLD cases are due to pathogenic variation in one of three genes, MAPT, GRN, and C9ORF72, each resulting in different patterns of protein aggregation (broadly speaking, tau in MAPT and TAR DNA-binding protein (TDP)-43 in GRN and C9ORF72) with distinctive neuroanatomical patterns across the cortical and subcortical brain regions. Rare and pathogenic variants in other genes have been established to cause less than 5% of familial FTLD cases (i.e., VCP, CHMP2B, TARDBP, FUS, OPTN, and TBK1 [49, 54, 61, 64] ). Nevertheless, nearly half of all patients with a family history suggestive of a genetic etiology do not carry a pathogenic variant in a known FTLD-associated gene, making it likely that additional genetic risk factors exist [49] .
The application of next-generation sequencing (NGS) in association studies has facilitated the identification of novel genetic risk factors or causes for many complex diseases. In particular, whole genome and whole exome sequencing (WGS and WES, respectively) have increased our understanding of how rare variation, which often has larger biological effects than common variation, contributes to disease [13] . The development of burden-based statistical tests has also accelerated the characterization of how gene-wide rare variation contributes to disease risk, especially for diseases with relatively small patient populations [33] . Importantly, these analyses can assess whether different rare variants occurring in the same gene are enriched in affected versus unaffected individuals. These advances have increased appreciation for the contribution of rare variants to the heritable portion of complex disease phenotypes unexplained by common variants. In the context of FTLD, genetic discoveries have informed potential pathogenic mechanisms for disease, and highlight how dysfunction in the endo-lysosomal system may lead to a loss of neuronal proteostasis, ultimately contributing to disease development [17] .
In this study, we analyzed NGS data from pathologically diagnosed, sporadic FTLD patients to identify new genetic risk factors for FTLD. We found that aggregate rare variant burden in MFSD8 was enriched in FTLD patients relative to clinically normal older controls. We further assessed MFSD8 for its relevance to FTLD through biochemical analysis of post-mortem tissue from FTLD patients carrying the same rare variants in MFSD8 associated with disease risk. This revealed disturbances in protein levels of MFSD8, as well as lysosomal and autophagy-related markers compared to clinically normal older controls. We also localized MFSD8 protein to neurons and astrocytes. Finally, we demonstrated marked disruption of lysosomal function in cells derived from MFSD8 rare variant carriers, and at least one rare variant associated with FTLD risk was found to increase the cell surface levels of MFSD8 in transfected cell lines. These findings implicate rare variation in MFSD8 as a novel candidate risk factor for FTLD, and support a role for autophagy and lysosomal dysfunction in FTLD pathobiology.
Materials and methods

Participants and clinical assessment
Patients from across the FTLD spectrum (n = 94) were assessed and clinically diagnosed at the University of California, San Francisco Memory and Aging Center (UCSF MAC). None of the participants in this study carried a known disease-causing pathogenic variant. All participants underwent clinical assessment during an in-person visit to the UCSF MAC that included a neurological exam, cognitive assessment, and medical history [46, 56] . Each participant's study partner (i.e., spouse or close friend) was also interviewed regarding functional abilities. A multidisciplinary team composed of a neurologist, neuropsychologist, and nurse then established clinical diagnoses for cases according to consensus criteria for FTD and its subtypes [14, 16] . All cases underwent an autopsy through the UCSF Neurodegenerative Disease Brain Bank and were diagnosed with an FTLD spectrum disorder. Patients with FTLD-tau (Pick's disease, corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), or unclassifiable), argyrophilic grain disease, FTLD-TDP (types A, B, C, or unclassifiable), FTLD-UPS (ubiquitin positive), or FTLD-FUS (atypical FTLD-U) pathology were included across all stages of analysis (see Table S1 for more details).
Clinically normal older controls were obtained from the Alzheimer's Disease Sequencing Project (ADSP; n = 3541). All ADSP controls were originally recruited through the Alzheimer's Disease Genetics Consortium and the Cohorts for Heart Aging Research in Genomic Epidemiology consortia. The discovery and refined analyses included participants who were clinically assessed for dementia and/or pathological features of a neurodegenerative disorder upon autopsy. All ADSP sample phenotype and demographic data were obtained from dbGAP (study accession phs000572.v7.p4; 
Sequencing data alignment and variant calling
Paired-end reads from WGS were aligned to the same version of the GRCh37 human reference genome used by the 1000 Genomes Project with the Burrows-Wheeler Aligner (BWA-MEM v0.7.8) [36] , and processed using the Broad Institute's Genome Analysis Toolkit (GATK) best-practices pipeline that includes marking of duplicate reads by the use of Picard tools (v1.83, http://picar d.sourc eforg e.net), realignment around small insertions and deletions (INDELs), and base recalibration via GATK v3.2.2 [42] . Single nucleotide polymorphisms (SNPs) and INDEL variants were called using GATK HaplotypeCaller. To improve variant call accuracy, multiple single-sample genomic variant call files (GVCFs) were jointly genotyped using GATK GenotypeGVCFs, which generates a multisample variant call file (VCF).
The tools and parameters used to process ADSP WES data at the three NHGRI sequencing centers are detailed on the National Institute on Aging Genetics of Alzheimer's Disease Data Storage Site (https ://www.niaga ds.org/ adsp/conte nt/seque ncing -pipel ines). For the current study, ADSP WES data was downloaded as the overall ADSP VCF from combination of two project-level VCFs, and BAM files containing sequences that aligned to the protein coding exons ± 1 bp surrounding each exon of MFSD8 (Table S2 ). The overall VCF was used in the discovery analysis (n = 2661), while the BAM files for MFSD8 were used for joint variant calling across all cases and controls included in the refined analyses (n = 3635). Sequencing data from the NHGRI sites was aligned to different versions of the GRCh37 human reference genome, and we verified that there was 100% concordance between the sequences for MFSD8 across these versions of the reference genomes. To further ensure data quality, we used GATK's DepthOfCoverage tool to determine that the average sequencing depth across all target regions in BAM files from all sequencing centers was > 30 ×, which is sufficient for reliable variant calling [35, 76] . Based on these assessments, we determined the WES control data to be of sufficient quality and reliability to combine with our WGS data and performed joint variant calling across BAM files containing reads aligned to the coding exons of MFSD8 ± 1 bp surrounding each exon from all data sources using the same methods described above. 
Quality control and post-processing
All cohort-wide VCFs were filtered according to previously established criteria [10] . Briefly, we kept variants with genotype quality (GQ) scores greater than 30 and read depth (DP) scores greater than 10. We also excluded variants that failed quality control filters in the Genome Aggregation Database (http://gnoma d.broad insti tute.org) [34] , which includes variants with low inbreeding coefficient, that fall in low complexity and segmental duplication regions, and with no observed high quality non-reference genotype calls. The resulting filtered VCF was annotated with gene names, variant type (i.e., exonic, intronic, etc.), and amino acid change for all exonic variants using Annovar [71] . Once annotated with gene names, we also excluded variants in false positive genes that exhibit a high frequency of rare protein-altering variants in whole exome and genome sequencing studies since these genes likely do not contribute to FTLD risk [15, 63] . For the discovery analysis, separate, filtered VCFs of joint calls from FTLD cases (n = 62) or ADSP controls (n = 2599) were converted to PLINK format and merged using PLINK [55] . The merged dataset was filtered to remove variants with genotyping rates below 95%, and minor allele frequencies (MAF) greater than 0.5%. For the refined analysis, a separate VCF was generated from joint variant calling across target regions of MFSD8 for all FTLD cases and controls. This VCF was filtered as mentioned above, converted to PLINK format, and filtered again to remove variants with genotyping rates below 99% and MAFs greater than 0.5%, followed by removal of individuals with genotyping rates below 90% in targeted regions of MFSD8. Gene variant sets for the discovery analysis were created from SNPs alone, while the gene variant set for the refined analysis included SNPs and small INDELs (< 5 bp to increase reliability of calls). Variants included in the analysis were classified as missense, nonsense, or splice site variants to reflect variation that is most likely to have a strong biological effect.
Antibodies
The HA.11 monoclonal antibody used to detect EGFP-HA-MFSD8 was from BioLegend and the transferrin receptor (TfR) monoclonal antibody was from Life Technologies. The HPA044802 polyclonal antibody against human MFSD8 was from ATLAS Antibodies. We verified the specificity of the HPA044802 antibody in cells with MFSD8 expression knocked down using two different shRNA constructs, and confirmed by immunoblot that the immunoreactive band corresponding to MFSD8 in control cells was almost undetectable in the knock down cells (see Supplementary Materials for more information and Fig. S1 ). [20, 37, 38 , 41] using previously described histological and immunohistochemical methods [25, 69] . Subjects for post-mortem tissue studies included cognitively normal healthy controls (n = 3), patients with FTLD carrying MFSD8 rare variants associated with FTLD risk in our genetic analyses (n = 5), and patients with sporadic FTLD (n = 5) selected to represent the same primary neuropathological diagnosis as the rare variant carriers. The MFSD8 rare variant carriers included four of five identified as rare variant carriers in our genetic analyses and one who came to autopsy during the course of this study and was found to carry the G385R variant through targeted sequencing of MFSD8 (see Table S4 for all participant details and demographics). The middle frontal gyrus (MFG) was chosen for all post-mortem tissue analyses because it is affected across FTLD subtypes. Whenever possible, adjacent fixed and frozen tissues were used (local cases); otherwise, fixed and frozen tissues were taken from the same (MFG) region in opposite hemispheres.
Immunoblot and densitometric analysis of tissue and transfected cell lysates
Freshly frozen post-mortem tissue from the subjects described above was analyzed by immunoblot (Table S4) . Tissue lysates were prepared in 0.25 M sucrose with 7 M urea, incubated 15 min on ice, and followed by centrifugation at 25,000×g for 15 min. Protein concentration in the supernatant (extracted proteins) was quantified by bicinchoninic acid, and then incubated at 30 °C for 10 min after addition of Laemli sample buffer and subjected to SDS-PAGE [70] . Gels were transferred to nitrocellulose membrane, blocked with low-fat milk and incubated overnight with the primary antibody against MFSD8 (HPA044802, ATLAS). The proteins were visualized using peroxidaseconjugated secondary antibodies and chemiluminescent reagent (PerkinElmer) in a LAS-3000 Imaging System (Fujifilm). Densitometric quantification was performed on unsaturated images using ImageJ Software (NIH). Immunoblot membranes were stained with Ponceau S and the density of each band was normalized to the total densitometric value of the Ponceau S staining for each sample. Normalization to Ponceau S staining was preferred to common housekeeping proteins (i.e., glyceraldehyde-3-phosphate dehydrogenase or actin), as their protein levels are often affected in conditions with altered intracellular protein degradation.
Immunoblotting of cell lysates was done essentially as in Sirkis et al. [66] . Briefly, cells were harvested on ice by washing with cold PBS followed by lysing in a buffer containing 100 mM NaCl, 10 mM Tris-Cl, pH 7.6, 1% (v/v) Triton X-100 and complete protease inhibitor cocktail (Roche). Triton-insoluble material was sedimented by centrifugation at 16,000×g for 10 min at 4 °C. Supernatants were mixed with 5 × SDS-PAGE sample buffer supplemented with DTT, then heated at 55 °C for 10 min prior to running in 4-20% acrylamide gradient gels (Invitrogen). After SDS-PAGE, proteins were transferred onto PVDF membranes (Merck Millipore), blocked in 5% non-fat milk (dissolved in PBS containing 0.1% Tween-20), and probed with HA.11 and TfR antibodies at 1:2000 and 1:10,000, respectively. Blots were developed using enhanced chemiluminescence and imaged on a ChemiDoc digital imager (Bio-Rad). Protein signals were quantified by densitometry using the Fiji distribution of ImageJ (NIH).
Immunohistochemical analysis of post-mortem tissue
MFSD8 immunochemistry (IHC) was performed on 8 μm thick sections cut from formalin-fixed, paraffin-embedded tissue blocks of MFG from the same subjects described above and analyzed by immunoblot (Table S4 ). The sections were deparaffinized in xylene for 30 min, washed in 100% and 95% ethanol, and then the endogenous peroxidase was quenched by 3% hydrogen peroxide in 10% methanol for 30 min. To retrieve antigenicity, sections were boiled within 0.01 M citrate-buffer saline (pH 6) for 5 min at 121 °C. After cooling for 15 min, the sections were washed with PBS-T (0.2% Tween-20 in 0.01 M PBS, pH 7.4) for 15 min, blocked for 30 min in blocking solution (10% goat serum in PBS-T), and incubated in primary antibody (anti-MFSD8, 1:50, HPA044802, ATLAS) at room temperature overnight. After two changes of PBS-T, the sections were incubated with biotinylated secondary antibody (BA-1000, 1:200, Vector Laboratories) for 40 min at room temperature, washed, then incubated with avidin-biotin-peroxidase complexes (ABC, 1:100, PK-6100, Vector Laboratories). After washing, immunostaining was visualized with 5% chromogen 3,3′-diaminobenzidine (DAB) solution, counterstained with hematoxylin (SH26-500D, Fisher Scientific), and dehydrated, then cover slips were applied. Images were captured with a Nikon Eclipse 80i microscope.
Patient-derived cell lines
Primary fibroblasts isolated from skin biopsies of healthy donors and FTD patients harboring MFSD8 rare variants (two lines: E336Q or G385R) were obtained from UCSF/ Gladstone Institute. The MFSD8 rare variant carrier patient cell lines were derived from clinically diagnosed FTD patients and were therefore not included in genetic analyses of pathologically diagnosed FTLD cases. Rare variants in these patients were identified by exome chip analysis (E336Q) or targeted sequencing (G385R) of MFSD8, and both were confirmed by Sanger sequencing as described above. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich), in the presence of 10% fetal bovine serum (FBS), 50 μg/ml penicillin and 50 μg/ml streptomycin at 37 °C with 5% CO 2 and tested for mycoplasma contamination every 2 weeks using DNA staining protocol with Hoechst 33258 dye or MycoSenser PCR Assay Kit (Stratagene).
Immunofluorescence
Primary fibroblasts grown on coverslips were fixed with 4% PFA, blocked and then incubated with the primary and corresponding fluorophore-conjugated secondary antibodies following standard procedures [22, 51] . Mounting medium contained DAPI (4,6-diamidino-2-phenylindole) to highlight the cell nucleus. All images were acquired with an Axiovert 200 fluorescence microscope (Carl Zeiss Microscopy) with a 100 × or 63 × objective and 1.4 numerical aperture, mounted with an ApoTome.2 slider, and prepared using Adobe Photoshop CS3 (Adobe Systems) and ImageJ Software (NIH). The number of puncta per cell was quantified using the 'analyze particles' function of ImageJ after adjusting the threshold in non-saturated images. The percentage of co-localization was determined by the 'JACoP' plugin in ImageJ after adjusting the threshold of individual frames [8] .
Intracellular protein degradation assay
Measurement of intracellular protein degradation was performed by metabolic labeling [with [ 3 H] leucine (2 µCi/ml) (NENPerkinElmer Life Sciences) for 48 h at 37 °C] and pulse-chase experiments as described before [5, 52] . After labeling, cells were extensively washed and maintained in medium with an excess of unlabeled leucine. Aliquots of the medium taken at different times were precipitated in trichloroacetic acid, and proteolysis measured as the amount of acid-precipitable radioactivity (protein) transformed in acid-soluble radioactivity (amino acids and small peptides) at each time. Lysosomal-dependent degradation was inhibited using 20 mM NH 4 Cl and 100 μM leupeptin (Sigma) added directly to the culture media.
Cell surface biotinylation
Cell surface labeling was carried out in a manner similar to that performed in Sirkis et al. [66] . Briefly, cells were washed at RT with PBS and labeled with the EZ-Link Sulfo-NHS-SS-Biotin reagent (ThermoFisher) at 1 mg/ml in PBS for 10 min. Cells were then placed on ice, washed with cold Tris-buffered saline to quench the biotin reagent, then washed with cold PBS and finally lysed and clarified as described above. To capture biotinylated proteins, StrepTactin resin (iba) was added to the clarified lysates and the mixtures were rotated at 4 °C for 1 h. The resin was then pelleted and washed multiple times with lysis buffer. Finally, 2 × SDS-PAGE sample buffer supplemented with DTT was added to the washed resin, and the samples were vortexed, heated and prepared for immunoblotting as described above. For the analysis of surface-labeled MFSD8, we normalized the signal derived from all surface-labeled MFSD8 bands in a given lane to the overall MFSD8 signal derived from the corresponding cell-lysate lanes (surface/total), and expressed these ratios relative to reference sequence MFSD8 (WT).
Statistical analyses
All FTLD cases (n = 94) and clinically normal older controls (n = 3541) analyzed were confirmed to be unrelated by calculating Pi-Hat values for all pairs of individuals in PLINK, and only individuals with Pi-Hat values < 0.125 across all comparisons to other individuals were retained for analysis. All cases (n = 62) and controls (n = 2599) in the discovery cohort self-reported race as 'white', except for one case with a self-reported primary race as 'unknown', who was retained in the cohort due to limited sample size. Multidimensional scaling (MDS) analysis was performed on FTLD cases and controls to confirm European ancestry using WGS data from CEU, YRI, and CHB samples in the 1000 Genomes Project as reference populations [1] . Non-European individuals were excluded from the refined analysis due to an insufficient number of participants for sub-group analysis and potential for confounding background genetics, and the first two vectors of the MDS analysis were included as covariates in the refined analysis (Fig. S2) .
All cohorts were analyzed using a sequence kernel association test (SKAT), and followed previously published criteria by limiting the discovery analysis to genes with four or more SNPs meeting criteria described earlier, and SNPs and small INDELs in MFSD8 meeting the same criteria for the refined analysis [33] . Gene-based association tests were performed using the optimal unified test (SKAT-O) in the R-based "SKAT" package [33] . Multiple testing correction of P values was done using the Bonferroni method. A priori, genome-wide statistical significance for the discovery analysis was set at P Bonf < 0.05 and for the gene-based refined analysis at P raw < 0.05. Differences in demographics between cases and controls were assessed by t test (continuous data) or Chi square test (categorical data) in R. The odds ratio (OR) with 95% confidence intervals (CI) and Chi square test for association of gene-wide, aggregate rare variant burden with FTLD was calculated in R. All numerical results in the experimental studies are reported as mean and standard error of the mean (SEM). Statistical significance of the differences in protein levels between experimental groups in studies with transfected cells and post-mortem tissue was established by one-way ANOVA with Dunnett's and Tukey's test, respectively, used for post hoc analyses. Demographic and experimental differences were considered statistically significant for P < 0.05.
Data sharing
Data generated by the UCSF MAC are available upon request. Data requests can be submitted through the UCSF Memory and Aging Center Resource Request form: http:// memor y.ucsf.edu/resou rces/data. For questions related to UCSF data use and access, please contact Rosalie Gearhart at Rosalie.Gearhart@ucsf.edu. Investigators who wish to obtain ADSP data must apply for access. Please see https :// www.niaga ds.org/adsp/ for more details.
Results
Overview of cohorts
The stage 1 "discovery" analysis consisted of 2661 participants: 62 pathologically diagnosed, sporadic FTLD cases and 2599 clinically normal older controls. All participants were self-reported 'white', except for one case with a selfreported race of 'unknown', which was included in this cohort due to limited sample size. The goal of this stage was to identify novel candidate genes for rigorous followup analyses. In the stage 2 "refined" analysis, all 3635 participants were of European ancestry confirmed by MDS covariates derived from genetic data and using reference populations from the 1000 Genomes Project (Fig. S2) , including 94 FTLD cases (54 discovery cohort cases plus an additional 40 sporadic FTLD cases) and 3541 controls (2085 discovery cohort controls and an additional 1456 controls). Demographic characteristics are provided by stage in Table 1 . There was a difference in sex across participants in the refined analysis. As expected, we found that cases were younger than controls across all cohorts; we intentionally included controls that were older than our cases to reduce the likelihood that individuals defined as controls at the time of our study might go on to develop FTLD in the future.
Rare variant burden in MFSD8 is enriched in FTLD cases
Stage 1: discovery analysis We analyzed our discovery cohort (62 cases and 2599 controls) using SKAT-O to identify candidate genes in which gene-wide rare variant burden is associated with sporadic FTLD risk. After quality control of variant level data, we analyzed 14,459 genes that each had four or more rare, protein-altering SNPs (n = 233,334). This unbiased analysis identified MFSD8 as the most significant gene in which rare variant burden was associated with FTLD risk (P Raw = 4.9 × 10 −6 , P Bonf = 0.07, Table 2 ). Even though the strength of this association is slightly above our threshold for statistical significance after multiple testing correction (P Bonf < 0.05), we pursued this finding in follow-up studies for several reasons. First, prior studies have found that recessive pathogenic variants in MFSD8 cause late infantile neuronal ceroid lipofuscinosis (NCL) [2, 30, 39, 65] , a childhood neurodegenerative lysosomal storage disorder. Second, the link between MFSD8 and NCL is akin to observations with GRN, for which heterozygous pathogenic variants result in autosomal dominant FTLD and homozygous pathogenic variants cause NCL. Third, variation in another NCL gene, CTSF, has been associated with FTD risk [79] . Taken together with the near significant association between rare variant burden in MFSD8 and FTLD risk in the discovery analysis, we expanded on this finding.
Stage 2: refined analysis
Since our discovery analysis had several caveats, including analyzing variants identified by separate variant calling strategies and using self-reported race, we took additional steps to assess and refine our stage 1 results in a more rigorous analysis. First, we performed WGS on an additional 40 sporadic, pathologically diagnosed FTLD cases to fold into this analysis. We also included an additional 1456 clinically normal older controls with WES data from the ADSP cohort. Second, we performed an MDS analysis to confirm European ancestry of all participants, which resulted in the removal of eight cases, two of which are MFSD8 rare variant carriers, and 514 controls with genetic data suggestive of mixed ancestry. Even though all participants were confirmed to be of European ancestry at this point, we included the first two vectors from the MDS analysis as covariates in the SKAT-O refined analysis to further account for within-population variability. Third, since variants included in the discovery analysis were not identified through joint variant calling across cases and controls, we identified protein-altering variants for the refined analysis by performing joint variant calling across the 12 protein coding exons of MFSD8 ± 1 bp surrounding each exon for all 3635 participants included at this stage. Although we did not observe an association between MFSD8 rare variant burden and FTLD risk when the additional FTLD cases and controls were analyzed alone (SKAT-O P = 0.11), we did observe a significant association between MFSD8 rare variant burden and FTLD risk in the refined analysis of 94 FTLD cases and 3541 controls (P = 6.2 × 10 −3 ; Table 2 ). A Chi square test comparing minor allele counts of rare MFSD8 variants between all cases and controls corroborated the SKAT 
MFSD8 protein levels are elevated in MFSD8 rare variant carriers
To gain insight into the possible contributions of MFSD8 rare variants to the pathogenesis of FTLD, we first characterized MFSD8 protein in freshly frozen post-mortem tissue from cognitively normal healthy controls (n = 3), FTLD patients carrying MFSD8 rare variants (n = 5), and patients with sporadic FTLD (n = 5). All FTLD cases were matched for age, sex, and pathological diagnosis (Table S4) . After confirming the specificity of the MFSD8 antibody (Fig. S1 ), immunoblot analysis of brain tissue from MFG, a region of the brain known to be affected in FTLD, was performed to assess changes in MFSD8 protein across FTLD patients and controls. This revealed increased levels, on average, of MFSD8 across all MFSD8 rare variant carriers, particularly in those with FTLD-tau, relative to healthy controls and sporadic FTLD (Fig. 1a,  b) . Although this increase was not statistically significant due to high inter-patient variability and a small number of MFSD8 rare variant carriers available for analysis, these findings support a role for MFSD8 contributing to FTLD risk.
Neurons have the strongest expression of MFSD8
Immunohistochemistry was performed on MFG to assess cell type specificity and subcellular localization of MFSD8. Immunoreactivity was generally strongest in neuronal cytoplasm across all diagnostic groups, but it was also detected in astrocytes (Fig. 2) . Although most of the MFSD8 staining was cytoplasmic, nuclear staining in neurons was also observed in FTLD cases and controls with the highest MFSD8 immunoreactivity (Fig. 2b, c, f, g ). We observed no distinguishing features regarding the subcellular localization of MFSD8 in rare variant carrier cases relative to sporadic FTLD cases or controls, and there was no suggestion that MFSD8 protein adopted spatial patterns reminiscent of tau or TDP-43 neuronal cytoplasmic inclusions in patients. Nevertheless, the presence of MFSD8 in neurons of MFG suggests a possible role for MFSD8 in FTLD pathology.
Lysosomal and autophagy-related proteins are elevated in MFSD8 rare variant carriers
Multiple chaperones and two main proteolytic systems, the ubiquitin proteasome system and the autophagy/lysosomal system, contribute to maintenance of cellular proteostasis [23] . Altered lysosomal degradation by autophagy has also been associated with accelerated neurodegeneration [21, 31, 43, 44, 48] . Immunoblot analysis of freshly frozen post-mortem tissue from controls, FTLD patients carrying MFSD8 rare variants, and patients with sporadic FTLD revealed a trend toward expansion of the autophagic/lysosomal compartments in both MFSD8 rare variant carriers and sporadic FTLD cases relative to controls (Fig. S3A, B) . Interestingly, except for levels of LAMP-1 that were significantly higher b Quantification of the levels of MFSD8 normalized to Ponceau S. Values are expressed relative to control subjects as mean ± SEM. See Table S4 for more details on specific pathological diagnoses and demographics of all FTLD patients and controls in the sporadic FTLD cases, the increase of the other two lysosomal markers, LAMP-2 and Cathepsin D (CTSD), was consistently higher in the MFSD8 rare variant carriers (Fig. S3A, B) . Similarly, a trend towards higher levels of lipidated LC3 (LC3-II), the most widely used autophagosomal marker [4] , was also observed in MFSD8 rare variant carriers relative to sporadic FTLD cases and controls (Fig.  S3A, B) . Although the increase in lysosomal and autophagosomal proteins did not reach statistical significance due to the limited availability of MFSD8 rare variant carrier cases, these changes resemble the impaired lysosomal function and autophagy described in mice with Mfsd8 ablated [9] . This suggests that MFSD8 in humans may also play a role in lysosomal and autophagic function.
Lysosomal malfunctioning in MFSD8 rare variant carriers
Ablation of Mfsd8 in mice has recently been shown to cause lysosomal alterations such as lysosome enlargement and accumulation of autofluorescent lipofuscin, an indirect measurement of defective lysosomal degradation in vivo [9] . Since our steady-state data from post-mortem tissue also suggested alterations in lysosomal and autophagosomal markers in MFSD8 rare variant carriers, we characterized lysosomal dysfunction in patient-derived cell lines with rare missense variants in MFSD8. To that effect, we measured degradation rates of intracellular long-lived proteins (which preferentially undergo degradation by autophagy) in fibroblasts derived from two FTD patients carrying different MFSD8 rare missense variants (E336Q and G385R) and healthy controls using metabolic labeling [5] . We found a significant decrease in total rates of protein degradation in rare variant carrier cell lines compared to controls (Fig. 3a,  b) . This decrease in intracellular proteolysis primarily results from impaired lysosomal degradation. The rate of lysosomal degradation in MFSD8 variant carrier cells also remained significantly reduced upon serum removal, a condition known to stimulate autophagy (Fig. 3a, b) . Immunofluorescence staining in the same cells revealed an increase in the number of autophagosomes (LC3 positive puncta) in MFSD8 rare variant carrier cells relative to controls (Fig. 3c, d ). Interestingly, although there was a trend toward increased number of lysosomes (LAMP-2 positive puncta) in cells from MFSD8 rare variant carriers, the most distinct difference relative to control cells was the lower average size of lysosomes (Fig. 3d) . Co-immunostaining revealed that a fraction of cellular MFSD8 was detected in LAMP-2 positive vesicles, consistent with its previously described lysosomal location, and that cells from MFSD8 rare variant (right). Quantification was done for n = 4 fields. Differences with control are significant at P < 0.05*, P < 0.01**, or P < 0.001***. e Co-immunostaining for MFSD8 and LAMP-2 in the same cells. Left: representative images of merge fields. Nuclei were stained with Dapi. Insets show squared regions in the nucleus (1) and cytosol (2) at higher magnification. Right: quantification of MFSD8 in the nucleus (left), cytosol (middle) or associated to LAMP-2 positive compartments (right). Values are mean + SEM of n = 4 fields. Differences with control are significant at P < 0.05* or P < 0.01** carriers displayed significantly higher co-localization of both proteins (Fig. 3e) . Furthermore, the observed immunoreactivity of MFSD8 in the nucleus of cells from controls and MFSD8 rare variant carriers was consistent with our IHC findings in post-mortem tissue (Fig. 3e) . Taken together, the higher number of autophagosomes without lysosomal expansion in MFSD8 rare variant carrier cell lines suggest that the autophagic failure originates from poor lysosomal clearance of autophagosomes. This phenotype is similar to the one observed in Mfsd8 knock-out mice [9] , supporting the hypothesis that rare missense variants in MFSD8 associated with FTLD risk result in reduced MFSD8 protein function.
Intriguingly, we found more pronounced changes in the two lysosomal marker proteins, LAMP-2 and CTSD, than LAMP-1 (a broader endo-lysosomal maker) in post-mortem brain tissue from MFSD8 rare variant carriers (Fig. S3) . In addition, we observed that not all MFSD8 co-localized with LAMP-2 (Fig. 3e) , and we therefore used subcellular fractionation of mouse brain homogenates to further characterize Mfsd8 in different lysosomal subgroups [12] . Mouse Mfsd8 was detected at very low levels in autolysosomes that originate from fusion of autophagosomes and lysosomes [26] (Fig. S4) . However, Mfsd8 was very abundant in a population of lysosomes that display high activity for chaperone-mediated autophagy (CMA), a selective form of autophagy where substrate proteins are directly translocated across the lysosomal membrane for degradation [12, 24] (Fig. S4) . Increased abundance of Mfsd8 in this group of lysosomes is intriguing since defective CMA has previously been described in several neurodegenerative diseases, including FTLD [51, 72] . S217G, E336Q, F379S,  G385R, I492T) were generated, dual-tagged with GFP and HA (GFP-HA-MFSD8), transiently expressed in HEK-293T cells and compared to cells expressing human reference sequence (WT) MFSD8 and negative control, GFP-transfected cells. One day after transfection, the cells were lysed and the lysates analyzed by immunoblotting for MFSD8 using an HA antibody. The tagged MFSD8 constructs ran as a collection of specific bands ranging in size from approximately 55-85 kD. All variants displayed grossly normal overall expression, but one variant, F379S, frequently showed subtle increases in several distinct lower molecular weight (MW) bands, relative to WT MFSD8. Immunoblots from two representative experiments are shown in a, b, and the accumulated lower-MW bands for variant F379S are indicated by (*). Transferrin receptor (TfR) was used as a loading control.
c, d
Cell surface biotinylation analysis revealed that variant F379S showed a modest but statistically significant increase in surface expression, relative to WT MFSD8. Cell surface-associated F379S also showed accumulation of a lower-MW band (*, c). TfR was used as a loading control for the cell lysates and as a positive control for the surface labeling. Results were quantified from three independent experiments. Differences with WT are significant at P < 0.01**
The F379S rare missense variant in MFSD8 alters cell surface expression
To further characterize the putative functional consequences of the rare missense variants in MFSD8 associated with FTLD risk, all five variants were cloned and expressed in HEK cells. Immunoblot analysis demonstrated that none of the variants altered total MFSD8 protein abundance (Fig. 4) , but changes were observed in the cell surface expression of MFSD8. Specifically, the F379S variant showed a modest but significant increase in cell surface expression as well as accumulation of a lower molecular weight band on the cell surface relative to reference sequence MFSD8 (Fig. 4,  *) . The G385R variant demonstrated a smaller increase in surface expression that did not reach significance. These findings suggest that the F379S variant may affect MFSD8 function by altering its intracellular trafficking.
Discussion
In the present study, we analyzed sequencing data from pathologically diagnosed sporadic FTLD patients and clinically normal older controls to identify genetic risk factors for FTLD. Gene-level association tests implicated aggregate rare variant burden in the NCL-linked gene, MFSD8, in FTLD risk. Follow-up experimental studies were used to investigate the possible role of MFSD8 in FTLD pathobiology and lysosomal function. Our studies revealed a modest increase in MFSD8 protein in MFG of FTLD patients harboring rare variants in MFSD8 relative to patients with sporadic FTLD and controls. This effect was most marked in rare variant carriers diagnosed with FTLD-Tau. We also localized MFSD8 protein to neurons and astrocytes. Lysosome marker proteins were consistently increased in all FTLD cases relative to controls, while MFSD8 rare variant carriers also had a trend towards an increase in an autophagosome marker protein. Finally, biochemical studies revealed marked disruption of lysosomal function in cells from FTD patients carrying rare missense variants in MFSD8, and demonstrated that at least one rare FTLD-associated variant in MFSD8 resulted in greater cell surface expression. Together, our results suggest that rare variation in MFSD8 may contribute to FTLD risk by altering autophagy and lysosomal function. These key findings are discussed in turn.
Gene-level statistical analyses implicate rare variation in MFSD8 as a risk factor for FTLD
We sought to identify novel genetic risk factors for FTLD and found a suggestive association between FTLD risk and aggregate rare variant burden in MFSD8, a gene encoding a lysosomal membrane protein of unknown function.
Although this finding did not reach exome-wide significance and requires replication in an independent cohort of FTLD cases, we pursued this finding since recessive homozygous pathogenic variants in MFSD8 cause variant late infantile NCL [2, 30, 39, 65] , a rare inherited lysosomal storage disorder that primarily affects children and young adults [29] . Interestingly, even though FTLD is a neurodegenerative disorder that affects older adults, previous studies have identified shared genetic risk factors between NCL and FTLD. Heterozygous GRN pathogenic variants cause about 10% of all FTD cases, while homozygous recessive pathogenic variants in GRN have been linked to recessive adult-onset NCL in two separate families [3, 6, 7, 11, 67, 78] . More recently, Ward et al. provided further evidence for phenotypic overlap between FTLD and NCL due to pathogenic GRN variants by identifying NCL-like biological hallmarks in haploinsufficient GRN patients [73] . Given the relationship of GRN to NCL, rare variation in other NCL genes, including CTSF, has also been suggested to contribute risk to FTD [79] . We identified five FTLD cases heterozygous for MFSD8 rare variants in the present study, suggesting our findings are akin to GRN but with several differences. First, homozygous pathogenic variants in GRN and MFSD8 lead to different types of NCL that occur during different stages of life; GRN homozygous variants lead to adult NCL whereas MFSD8 homozygous variants lead to late infantile NCL [47] . Also unlike GRN, our results support a "two-hit" hypothesis in which one rare variant in MFSD8 increases the risk of developing FTLD, but requires an additional "hit" before FTLD may develop. This is further supported by the identification of two rare variants in clinically normal controls that cause early termination codons in MFSD8, both of which are predicted to be loss of function variants in the Genome Aggregation Database. Thus, our findings support a role for rare variants in MFSD8 increasing FTLD risk, but suggest these variants are unable to cause disease in the absence of another, as yet undetermined risk factor. Beyond being linked to the neurologic defects observed in FTD and NCL, pathogenic variants in both MFSD8 and GRN have also been linked to vision defects and neuronal loss in the retina [59, 74] . A family study previously linked both the E381X and E336Q variants in MFSD8 to individuals with nonsyndromic autosomal recessive macular dystrophy [59] . The same study also identified the E336Q variant as a risk factor for maculopathies and cone disorders, and suggested that this hypomorphic variant may cause cone dysfunction in combination with a more severe variant in MFSD8, such as the E381X variant. Although this is similar to the "two-hit" model we propose for how rare variants in MFSD8 may contribute to FTLD risk, further studies of larger cohorts are required to elucidate if the missense variants that we identified in FTLD cases, particularly E336Q, may lead to disease in combination with other risk factors.
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To the best of our knowledge, the only rare variant identified in this study that has previously been linked to NCL is the stop-gain variant, E381X [2] (Table S3 ). In the current study, a clinically normal control from the ADSP cohort was found to be heterozygous for this variant. We were unable to verify this variant with Sanger sequencing since the data for this participant was derived from a public source, and we did not have access to clinical data for this participant that might indicate any abnormal vision or neurological symptoms. Future studies will be critical to establishing the clinical significance of the five rare variants in MFSD8 that we identified in FTLD cases.
MFSD8 rare variant carriers display elevated levels of MFSD8 protein
We observed increased MFSD8 protein levels in MFG of MFSD8 rare variant carrier patients relative to sporadic FTLD patients and controls, and MFSD8 immunoreactivity was generally strongest in the cytoplasm of neurons across all diagnostic groups. Since MFG is affected by neurodegeneration in FTLD, it is possible that disrupting MFSD8 function may contribute to some of the pathological changes observed in FTLD. Similar observations have been made in studies of post-mortem brain tissue from NCL patients, where individuals with homozygous loss of function variants in MFSD8 show the earliest signs of neuronal loss and prominent neuronal accumulation of autofluorescent ceroid material in regions with the highest expression levels of MFSD8 mRNA, as identified in rat brains [62] . Thus, the elevated expression levels of MFSD8 protein in MFG of rare variant carrier cases relative to controls and sporadic FTLD cases suggest that MFSD8 may be playing a direct role in the pathobiology of FTLD in these cases.
MFSD8 rare variant carriers display changes in autophagic/lysosomal markers
Our experimental results from immunoblots of autophagosomal and lysosomal proteins in post-mortem tissue from MFSD8 rare variant carriers and mouse brain homogenates, and the marked decrease in lysosomal-dependent degradation in cells from MFSD8 rare variant carriers support a role for MFSD8 in the autophagic/lysosomal system. Malfunctioning autophagy has been extensively demonstrated in a large number of neurodegenerative conditions, including FTLD [21, 43, 44, 48] , and experimental disruption of autophagy in neurons leads to rapid neurodegeneration [19, 28] . Autophagic failure in the context of neurodegeneration may occur at different steps of this process, including defects at the level of cargo recognition, delivery of cargo due to impaired autophagosome formation or defective autophagosome/lysosomal fusion, translocation of cargo across the lysosomal membrane, or degradation of cargo in lysosomes [44, 48, 75] . The increased levels of the autophagosome marker LC3-II in post-mortem tissue together with the higher number of LC3 positive vesicles and marked reduction in lysosomal-dependent degradation rates observed in cells from MFSD8 rare variant carriers suggest that autophagosome clearance, an important step in autophagy, may be affected in these patients. Finally, we found a higher abundance of Mfsd8 in the group of lysosomes usually engaged in CMA. Together, these findings suggest that MFSD8 plays a role in autophagy and, probably more specifically, in CMA. However, detailed analyses of different types of autophagy in Mfsd8 knock-out mice and human cells derived from MFSD8 rare variant carriers are required to confirm involvement of MFSD8 in these degradative pathways.
Rare missense variants associated with FTLD risk alter intracellular trafficking of MFSD8
MFSD8 is a protein of unknown structure and function, making it difficult to assess the functional consequences of the five FTLD-associated rare missense variants identified in our study. However, previous studies suggest it belongs to the major facilitator superfamily (MFS) of proteins and may function as a lysosomal membrane transporter [62, 65] . We used biochemical techniques to begin characterizing how rare missense variants in MFSD8 may alter protein function. These studies revealed a significant increase in cell surface accumulation for the F379S variant of MFSD8, and similar changes for the G385R variant of MFSD8. Multiple lysosomal trafficking pathways exist for delivering proteins to lysosomes, including a direct route from the trans-Golgi network, and an indirect route via the plasma membrane with subsequent endocytosis [60] . MFSD8 has previously been shown to predominantly reach the lysosome via the indirect route with clathrin-mediated endocytosis [68] . The F379S variant may lead to reduced MFSD8 function in lysosomes by disrupting its intracellular trafficking. This variant may also modify glycosylation of MFSD8 at an immediately upstream N-linked glycosylation site (amino acids 376 NTT 378 ) in a proposed lysosomal luminal loop [68] . This is supported by the observed increase in abundance of a lower molecular weight band on the immunoblot of cell surface MFSD8 (* in Fig. 4) . Although the role of these glycosylation sites in normal MFSD8 function is unknown, disrupting glycosylation may alter MFSD8's putative function as a lysosomal transporter. Future studies will be important for determining whether there are additional consequences of the F379S variant on MFSD8 function beyond increasing cell surface accumulation and possibly altering glycosylation of MFSD8 and, more importantly, how these changes contribute to FTLD pathobiology.
Beyond disrupting intracellular trafficking of MFSD8, rare missense variants may affect MFSD8 function by disrupting protein structure. Since there is no crystal structure of MFSD8, we used a previously reported computational prediction of MFSD8's membrane topology to determine in which domains our FTLD-associated variants are located [65] (Fig. S5) . Two variants fall in putative transmembrane domain alpha helices (S217G and I492T), one near the membrane-cytosol interface (E336Q), and two in a large loop facing the lysosomal lumen (F379S and G385R). Since alpha helical transmembrane domains are critical structural components that facilitate the transport function of MFS proteins [32, 53] , amino acid substitutions in or near these domains may distort the structure of MFSD8 and affect its putative transport function. Previous studies have also suggested that loop regions in transporters may be important for stabilizing different conformational states of the protein [18] , and in MFS transporters specifically, for transmitting conformational changes throughout the protein during substrate transport [40] . Thus, amino acid substitutions in loop domains may also disrupt MFSD8's ability to transport substrates. Future identification of a substrate for MFSD8 will be necessary not only to elucidate any functional consequences of the rare variants we identified associated with FTLD risk, but also to determine the functional role of MFSD8 in lysosomes. These roles include a range of putative functions from maintenance of lysosomal pH to lysosomal calcium storage, or even efflux of small macromolecules or peptides resulting from protein breakdown. It is also interesting to keep in mind that MFSD8 may function outside the lysosomal compartment. In this respect, the Human Protein Atlas describes a fraction of MFSD8 that is detected in the nucleoplasm. We observed nuclear MFSD8 immunoreactivity in neurons and fibroblasts of controls and FTD patients carrying MFSD8 rare variants. The pathogenic relevance of the nuclear accumulation of MFSD8 requires further investigation.
Rare variation in MFSD8 may result in TDP-43 or tau pathology through differing mechanisms linked to lysosomal dysfunction
Given the link between NCL and FTD through GRN, we expected that variation in MFSD8 might contribute more risk to FTLD-TDP since GRN is associated with TDP-43 pathology in the brain; nevertheless, MFSD8 rare variants were observed in both FTLD-TDP and FTLD-tau cases. This raises the possibility that MFSD8 variants may contribute to either TDP-43 or tau pathology through distinct mechanisms. For example, MFSD8 may play a more direct role in the cellular response to aggregated TDP-43 protein in neurons, whereas its function may be indirectly involved with the response to tau aggregates in neurons and glia. Both scenarios are consistent with a role for MFSD8 in overall protein clearance as is suggested by our protein degradation studies in cultured cells. Whether additional genetic risk factors modify a propensity to develop tau versus TDP-43 pathology remains an open question, and future studies will be required to elucidate putative differences in the role of MFSD8 in the different pathological subtypes of FTLD.
Overall considerations
While our findings provide compelling evidence for the contribution of MFSD8 to FTLD risk and pathobiology, several limitations exist when interpreting our results. First, although rare protein-altering variants in MFSD8 occurred at a higher frequency in our FTLD patients relative to controls, we also identified clinically normal older controls carrying MFSD8 rare variants. This finding is consistent with rare variation in MFSD8 increasing the risk of developing FTLD, but likely not being the sole disease-causing pathogenic variant (e.g., in an autosomal dominant mode of inheritance). Second, even though our study design included patients of European descent, we cannot exclude the possibility of ascertainment bias since participants in both genetic analyses were recruited and diagnosed at the same research center. Our study also included samples sequenced by different methods at five different sequencing centers. Although we observed sufficient depth of coverage for reliable variant calling across samples analyzed by whole genome and whole exome sequencing (> 30 ×), we cannot eliminate the possibility of technical variability leading to differences in variant detection across samples or false-negative findings in the unbiased discovery study. Confirming that rare variation in MFSD8 is associated with increased FTD risk will require replication in large, independent FTD cohorts that include patients from non-European populations, and that are sequenced by the same method at a single facility. The former may be particularly relevant since recent studies found recessive pathogenic variants in MFSD8 linked to NCL cases in South America and China [27] . Finally, post-mortem tissue was only available from five MFSD8 rare variant carriers. Further work is required with additional samples to assess whether there are biological differences across different genetic variants that may contribute to heterogeneity in risk penetrance and protein pathology.
In summary, we provide evidence suggesting that rare variants in MFSD8 are associated with FTLD risk. This statistical enrichment was corroborated by experimental studies showing elevated protein levels for MFSD8 and a consistent increase in lysosome and autophagosome marker proteins in MFG of MFSD8 rare variant carriers. We also found marked disruption of lysosomal function in cells from FTD patients carrying rare missense variants in MFSD8. Overall, these findings support a role for autophagy and lysosomal dysfunction in the pathobiology of FTLD. MFSD8 may generally be altered in the context of FTLD, either directly or indirectly through its yet-to-be-determined function. Future studies elucidating the specific function of MFSD8 in lysosomes will help determine if modulating lysosomal function, possibly through MFSD8, may be a viable therapeutic strategy for modifying FTLD trajectories.
